nity structures of chaetognaths in the western North Pacific and its adjacent seas is still lacking.
To clarify this issue, we studied the abundance, vertical distribution and community structure of chaetognaths down to the abyssopelagic zone (ϳ5,800 m) at four stations located from the subarctic to the subtropical western North Pacific Ocean. Additional sampling down to the lower bathypelagic zone (ϳ3,000 m) was carried out in seas adjacent to the western North Pacific (Japan Sea, Okhotsk Sea, and Bering Sea), and these results are discussed in the light of spatial variations in the community structure. Based on allometric data of the feeding apparatus, the possible adaptive significance of the morphology of bathypelagic and abyssopelagic chaetognaths is noted. (Table 1) .
Materials and Methods

Sampling
Sampling was also done in the Japan Sea, Okhotsk Sea, and Bering Sea (Fig. 1 , Table 1 ). In the Japan Sea, vertical sampling of 5 strata with closing nets (mesh size 90 mm, mouth opening 0.28 m 2 , cf. Kawamura 1989) down to 3,000 m was carried out at 42°30ЈN, 137°30ЈE on January 10, 1997. In the Okhotsk Sea, vertical sampling of 5 strata with the same closing net down to 2,000 m was carried out at 44°40ЈN, 145°20ЈE on September 30, 1997. In the oceanic Bering Sea (north of the Aleutian Islands), vertical sampling of 6 strata with a small mouth VMPS (mesh size 90 mm, mouth opening 0.25 m 2 ) was done at 53°30ЈN, 177°00ЈE on July 12, 2003.
All zooplankton sampling was done during nighttime. Samples were preserved in 5% borax-buffered formalin immediately on board. At each sampling station, CTD (Neil Brown or Sea Bird) casts were carried out to determine temperature and salinity profiles. Dissolved oxygen (DO) was measured by the Winkler titration method on water samples collected from Niskin bottles rosette-mounted on the CTD system.
Enumeration, identification and size measurements
From whole or 1/2 aliquots of the zooplankton samples, chaetognaths were sorted out and species identification was done under a stereomicroscope. For species identification, we referred to the descriptions of Terazaki (1996) and Nagasawa & Marumo (1976) , the latter was useful for identification of smaller specimens. Smaller specimens of Eukrohnia hamata and E. bathypelagica without ovaries (Stage I) were difficult to distinguish from each other, so they were lumped as "E. hamata/E. bathypelagica Stage I" in the present study.
To examine possible morphological changes in the feed- 200-300, 300-500, 500-1,000, 1,000-2,000, 2,000-3,000, 3,000-4,000, 4,000-5,000
Japan Sea Japan Sea 42°30ЈN, 137°30ЈE
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Closing net 0-100, 100-500, 500-1,000, 1,000-2,000, 2,000-3,000 Night Os VMPS 3000D 0-50, 50-250, 250-500, 500-1,000, 1,000-2,000, 2,000-3,000 (3,779 m) ing apparatus of chaetognaths with an increase in habitat depth, we measured the ratios of the head width to the total length (an index of mouth size), and the hook length to the total length (an index of hook length) for the four abundant species (Parasagitta elegans, Eukrohnia hamata, E. bathypelagica, and E. fowleri) at the subarctic stations (44N, Bering Sea, and the Okhotsk Sea). The hook length was represented by the longest hook on each specimen (Terazaki 1993b) . The head width, hook length and total length (Ͻ10 mm) were measured to the nearest 0.01 mm under a dissecting microscope with an eyepiece micrometer. For the specimens with a total length larger than 10 mm, total length was measured to the nearest 0.05 mm with a slide gauge.
Analysis of data
To evaluate species-specific vertical distributions, we calculated the depth where 50% of the population resides (D 50% : Pennak 1943) , D 25% , and D 75% were also calculated. A species diversity index (HЈ) was calculated using the equation: HЈϭϪÍ p i ln p i , where p i is the composition (proportion) of ith species to the total abundance (indiv. m Ϫ2 ) in the layer/station (Shannon & Weaver 1963) . For community structure analysis, we conducted a cluster analysis and non-metric multidimensional scaling (NMDS) ordination. Abundance data (X: indiv. m Ϫ2 ) for each species was transformed to log 10 (X+1) prior to analysis in order to reduce the bias of abundant species. Similarities between samples were examined by the Bray-Curtis index (Bray & Curtis 1957) according to the differences in species composition. For grouping the samples, the similarity indices were coupled with hierarchical agglomerative clustering with a complete linkage method. The NMDS ordination was carried out to delineate the sample groups on the two-dimensional map. All of these analyses were carried out using BIOÍ TAT II software (Sigma Soft).
Results
Hydrography
In the western North Pacific, the sea surface temperature was 13°C at St. 44N, and was about 29°C at Sts. 39N, 30N, and 25N (Fig. 2) . Intermediate cold water (Ͻ2.0°C) was observed between 60 and 120 m at St. 44N. At the other stations, temperature decreased with increasing depth and was 1.5-2.0°C below 1,000 m depth. The surface salinity at St. 44N was 32.5, increased with increasing depth and stabilized finally at 34.6 (Fig. 2) . At St. 39N, salinity fluctuated between 33.9 and 34.6 between 0-1,000 m depth, and stabilized to 34.6 below 1,000 m depth. Salinity profiles were similar at Sts. 30N and 25N, with a minimum at ca. 600 m depth. Dissolved oxygen profiles at Sts. 39N, 30N, and 25N were similar to each other, with an oxygen minimum layer (Ͻ2 ml L Ϫ1 ) at ca. 1,000 m depth (no dissolved oxygen data at St. 44N) (Fig. 2) .
The profiles of temperature and dissolved oxygen concentration at the Japan Sea station were characterized by the presence of extreme low temperature (Ͻ1.0°C) yet high oxygen concentration (3.9-4.5 ml L
Ϫ1
) below 500 m depth (Fig. 2) . This cold and oxygen-rich deep-water is known as "Japan Sea Proper Water" (Sudo 1987) . Salinity in the Japan Sea was near homogenous (34.1) throughout the water column. A marked hydrographic characteristic of the Okhotsk Sea station was the presence of the intermediate cold water (Ͻ1°C) at 20-200 m depth. The salinity profile at the Okhotsk Sea station was similar to that at St. 44N in the western North Pacific. At the station in the Bering Sea, both temperature and salinity profiles were similar to those at St. 44N and the Okhotsk Sea station.
Hereafter, we refer to St. 44N, and the Okhotsk Sea and Bering Sea stations as "subarctic stations", St. 39N as the "transition station", and Sts. 30N and 25N as "subtropical stations".
Abundance and vertical distribution
In terms of abundance integrated over the extent of the water column that was studied, chaetognaths were most abundant at the station in the northernmost Bering Sea (7,776 indiv. m
Ϫ2
) and least abundant at the station in the Japan Sea (135 indiv. m Ϫ2 ) (Fig. 3) . Within the western North Pacific, the abundance was greatest at St. 44N, and decreased gradually toward St. 25N. Sampling depths of the four stations in the western North Pacific were deep (0-5,000 m or 5,800 m) compared with those in the adjacent seas (0-2,000 m or 3,000 m, Table 1 ). However, these differences in sampling depth among stations are thought unimportant, since the abundance of chaetognaths below 2,000 or 3,000 m depth was extremely low (Fig. 3) . In fact, the greatest abundance was observed at a shallower station (ϳ3,000 m Bering Sea) and the lowest abundance was obtained at a deeper station (ϳ5,000 m 25N).
A common feature seen in the vertical distribution patterns of chaetognaths was the incidence of a near-surface maximum, with the only exception being the Japan Sea station. The maximum density was 48.6 indiv. m Ϫ3 at 0-50 m depth at the Bering Sea station (Fig. 3) . At St. 44N and 39N in the Pacific and at the Okhotsk Sea station, a secondary peak was also observed at mesopelagic depths of 250-1,000 m, thus showing bimodal vertical distribution patterns. In the western North Pacific, chaetognaths occurred down to the abyssopelagic zone (ϳ4,000 or 5,000 m) at 44N and 39N, but they did not occur below 3,000 m depth at Sts. 30N or 25N. Chaetognaths did not occur below 1,000 m depth in the Japan Sea.
The vertical distribution of chaetognaths evaluated by D 50% varied not only according to species but also from one sampling station to the next within a species. For the most common chaetognath Parasagitta elegans, D 50% was 26-187 m at subarctic stations (44N, Okhotsk Sea, and Bering Sea), while it was 448-473 m at transition stations (39N and the Japan Sea) ( 1,474-1,918 m for Eukrohnia fowleri. Thus the vertical distributions of common chaetognaths were well separated at the subarctic stations (Table 2) . At transition and subtropical stations (39N, 30N, and 25N), D 50% s of most chaetognaths were 50 m (e.g., all specimens occurred in the 0-100 m sampling layer) except some Sagittidae species Ͼ200 m (e.g., Mesosagitta decipiens, Pseudosagitta lyra, Caecosagitta macrocephala, and Solidosagitta zetesios) ( Table 2) .
Community structure
Over the course of this study, 26 species from 14 genera of chaetognaths were identified ( Table 2 ). The number of species per station was the greatest at 39N in the western North Pacific (14 genera 22 species) and the least in the Japan Sea (P. elegans only). At St. 44N in the western North Pacific, P. elegans contributed to 85% of the total number of chaetognaths at 0-100 m, E. hamata 44-86% of the total number at 100-500 m, and E. bathypelagica 25% of the total number at 500-1,000 m depths (Fig. 4) . Species composition at stations in the Bering Sea and Okhotsk Sea were similar to those at St. 44N, with the exception of 0-50 m in the Okhotsk Sea, where warm-water M. minima dominated (55%, cf. Fig. 4) . Species composition at Sts. 30N and 25N in the western North Pacific was identical, e.g., warm-water Pterosagitta draco and Flaccisagitta hexaptera dominated at 0-200 m, and P. lyra and Krohnitta subtilis at 200-1,000 m. At the transition St. 39N, both cold-water and warm-water species occurred together, thus making the number of species greatest at this station. Except for the Japan Sea station, where P. elegans was the only chaetognath (Table 2 ), E. fowleri was the predominant species among bathypelagic (1,000-3,000 m) and abyssopelagic (Ͼ3,000 m) chaetognaths across the stations (Fig. 4) .
Species diversities of chaetognaths varied from one station to the next, and were high (HЈϭ2.2-2.4) at the transition (39N) and subtropical stations (30N and 25N) and low (HЈϭ1.2-1.4) at the subarctic stations (44N, Okhotsk Sea, and Bering Sea) (Fig. 5) . Vertical distribution patterns of HЈ also differed from one station to the next: e.g., it peaked at near surface layers at transition and subtropical stations, and at 500-1,000 m depth at subarctic stations. It is noted that the sharp HЈ minimum at 100-300 m at Sts. 44N, 39N, and the Okhotsk Sea station (Fig. 5) corresponded to the depth stratum of low chaetognath abundance mentioned above (Fig. 3) .
Cluster analysis based on the abundance of each species showed that chaetognath communities could be divided into five groups (A-E) at 26% Bray-Curtis similarity (Fig. 6A) . Two-dimensional NMDS plots showed that these groups 
M. decipiens were well separated from each other (Fig. 6B) . Spatially, the mesopelagic and epipelagic zones of lower latitudes were characterized by the incidences of groups A and B, respectively (Fig. 7) . Group C occurred below 1,000 m depth (excepting the Japan Sea). Group D was seen only in the Japan Sea, and group E in the epi-to mesopelagic zones of the subarctic stations. Chaetognath species representing each group were identified by one-way ANOVA and Sheffe's post-hoc test on the abundance data (indiv. m
Ϫ2
). The analysis showed that group A was represented by P. lyra, group B by K. subtilis, P. draco, S. bipunctata, and F. hexaptera, group C by E. fowleri, and group E by E. hamata (Table 3) . Group D was not represented by any species, indicating that the basis of this discrimination of the groups was the relative abundance of common species but not the abundance of a given species.
Head width and hook length of chaetognaths
The ratios of head width to total body length, and hook length to total body length of the four most abundant chaetognaths at the subarctic stations (44N, Okhotsk Sea, and Bering Sea) increased with depth (Fig. 8) . This was especially so for the bathypelagic species E. fowleri (D 50% : 1,474-1,918 m), which had the largest ratios for both (Fig.  8) . P. elegans exhibited a slightly shallower distribution Fig. 6 ). Sampling depth is shown by closed circles (positive occurrence) and crosses (negative occurrence). Note that the 5,000-5,800 m data (negative occurrence) at St. 30N was omitted in this panel. ) of each chaetognath species in five clustered groups (A-E) identified by Bray-Curtis similarity analysis (cf. Fig. 6 ). The numbers in parentheses indicate the number of samples included in each group. Differences between groups were tested with one-way ANOVA. In each group, the mean abundances showed in bold letters were significantly greater than in other groups (Scheffe's post-hoc test, pϽ0.05). than E. hamata, and the head width and hook length relative to the total body length of E. hamata was consistently greater than P. elegans across the three stations (Fig. 8) .
Discussion
Abundance and vertical distribution
At most sampling stations, the maximum sampling depths were well above the bottom (Ͼ200 m above bottom, Table 1 ). Since unique benthopelagic swarms of chaetogonaths have been observed only Ͻ100 m above the bottom (cf. Brodeur & Terazaki 1999 , Choe & Deibel 2000 , their effect, if any, would not be great on the present results.
Concerning the seven stations of this study, standing stocks of chaetognaths were greater at subarctic stations than subtropical stations (Fig. 3) . At these stations, the same high to low latitude patterns have also been reported for copepod biomass (Yamaguchi et al. 2002a . Since copepods are the main food source of chaetognaths (Feigenbaum 1991) , latitudinal changes in copepod biomass may be considered to be a cause of the latitudinal changes in chaetognath abundance.
Vertically, chaetognaths showed abundance maxima at 0-100 m and 500-1,000 m, or an abundance sub-minimum at 100-500 m, at Sts. 44N and 39N in the western subarctic Pacific and at the Okhotsk Sea station (Fig. 3) . The depth of the abundance sub-minimum corresponds to the depth where the intermediate cold water was observed at St. 44N and Okhotsk Sea station but this was less marked at St. 39N (Fig. 2) . This phenomenon (low chaetognath abundance in the intermediate cold water) has previously been reported by Vinogradov (1968) as "both zooplankton abundance and biomass decreased at intermediate cold waters". Since the intermediate cold water is formed by melting of sea ice in the previous year (Itoh et al. 2003) , such a cold layer is considered to not be suitable as a habitat for oceanic chaetognaths.
The distribution of chaetognaths is known to be closely linked to hydrographic conditions (temperature and salinity) and for this reason chaetognaths have been used as biological tracers of water masses in the epi-and mesopelagic zone (cf. Pierrot-Bults & Nair 1991). The present study showed that chaetognaths were not found below 3,000 m at the subtropical stations (30N and 25N, Fig. 3 ). Despite the fact that hydrographic conditions at these depths are extremely similar between subarctic and subtropical stations (cf. Fig. 2 ), chaetognaths were found in the deepest samples (4,000-5,000 m) at the subarctic and transition stations (44N and 39N, Fig. 3 ). Kitou (1966a) studied the vertical distribution of chaetognaths down to 6,500 m at 34°N in the western North Pacific, and found no chaetognaths below 3,000 m.
From the viewpoint of feeding conditions for chaetognaths, prey (copepods) is abundant in the epipelagic region and decreases exponentially with increasing depth (cf. Yamaguchi et al. 2002b ). Chaetognaths are not visual predators but ambush predators that detect water movements created by prey organisms using filaments on their body surface (Feigenbaum 1991) . Their perception system for detecting prey, combined with the rapid decline in prey abundance with depth, suggests severe food limitation in the bathy-and abyssopelagic zones. The ratios of metazooplankton to total planktonic biomass at bathy-and abyssopelagic zones are known to be high at the subarctic station (4.3-39.3% at 44N), but extremely low at the subtropical station (0.05-0.3% at 25N) . This low biomass of chaetognath prey in the bathyand abyssopelagic zones at subtropical stations may be the reason that chaetognaths were absent below 3,000 m in these regions (Fig. 3) .
Community structure
The number of chaetognath species varied with region (Fig. 4, Table 2 ). The greatest number (22 species) was recorded at St. 39N and was due to the occurrence of both cold-water species and warm-water species. At the same station, the species numbers were greatest in the epipelagic layer from 0-100 m (14 species, Fig. 4 ). Station 39N is located in the transitional domain, characterized by a mixture of cold-water derived from the Oyashio current and warm-water from the Kuroshio current (Fig. 1) . Chaetognath community structure in the transitional domain and warm core rings in this region have been studied by several authors (Kitou 1974 , Terazaki 1989 , Johnson & Terazaki 2003 . Kitou (1974) conducted year-round sampling from 0-100 m depths and revealed seasonal changes in the chaetognath community. He reported 17 species of chaetognaths, of which 12 species were also observed in the present study. As abundant species, Kitou (1974) listed Sagitta (=Zonosagitta) nagae, Sagitta (=Mesosagitta) minima, Sagitta (=Flaccisagitta) enflata and Sagitta (=Aidanosagitta) regularis, which is in good agreement with the results of the present study (Fig. 4, Table 2 ).
An anomalous feature of the chaetognath fauna (and other zooplankton taxa) in the Japan Sea is the lack of meso-and bathypelagic species such as Eukrohnia as compared with the adjacent North Pacific Ocean (Zenkevitch 1963) ; despite the fact that the Japan Sea is deep enough (maximum: 3,700 m, average: 1,350 m) to accommodate meso-and bathypelagic species. As a possible cause, Terazaki (2001) noted that the depths of all straits connecting the Japan Sea to the North Pacific are too shallow (Ͻ130 m) to allow invasion of meso-and bathypelagic species from the adjacent North Pacific Ocean to the Japan Sea. While Parasagitta elegans is an epipelagic species in the North Pacific, they are known to extend their vertical distribution down to the mesopelagic zone in the Japan Sea, possibly because of the absence of competitors such as Eukrohnia hamata in the Japan Sea (Terazaki 1993b , Ozawa et al. 2004 . Chaetognath species, other than P. elegans, recorded in the Japan Sea are all warm-water species, and are thought to be transported from the Pacific Ocean with the Tsushima warm-water current, a branch of the Kuroshio current (Kitou 1974) . The absence of warm-water chaetognaths at the Japan Sea station in this study may be due to conditions being too cold for them because of the location of the station (northern Japan Sea, Fig. 1 ) and the sampling season (mid-winter, Table 1 ).
While species diversity (HЈ) varied greatly with region ( Fig. 5 ), there were two major trends; one was a high diversity (overall HЈ=2.2-2.4) at the transition and subtropical stations (39N, 30N, and 25N) , and the other was low diversity (overall HЈ=1.2-1.4) at the subarctic stations (44N, Okhotsk Sea, and Bering Sea, Fig. 5 ). Vertical distribution patterns of HЈ were different between these two regions; i.e. HЈ peaked in the epipelagic 0-100 m at subtropical stations, but in the mesopelagic 500-1,000 m at subarctic stations (Fig. 5 ). This regional difference in the vertical distribution of HЈ is caused by the incidence of many species in the epipelagic zones at subtropical stations, and by the overlapping vertical distributions of the three Eukrohnia species (E. hamata, E. bathypelagica, and E. fowleri) in the mesopelagic zones at subarctic stations (Fig. 4) . For zooplankton taxa other than chaetognaths, Yamaguchi et al. (2002b) computed HЈ of copepod communities down to 4,000 m at the same 44N station and found it peaked also at 500-1,000 m (peak HЈ=2.6 [day]-2.8 [night], Yamaguchi et al. 2002b ). The species diversity values of chaetognaths calculated in this study at the same subarctic station (peak HЈ=0.9, Fig. 5 ) are much lower than those of copepods. For this reason, it is considered that copepods exhibited a variety of feeding modes (suspension, detritus and carnivorous feeding, cf. Mauchline 1998) in contrast to the monotonic feeding mode (carnivorous feeding) of chaetognaths. The variety of feeding modes in copepods is considered to be a cause of the high species diversity of copepods (Ohtsuka & Nishida 1997) .
Our cluster analysis showed that the subtropical chaetognath communities in the top 1,000 m could be separated into group B (0-100 m) and group A (200-1,000 m) (Fig.  7) . Group B was characterized by Krohnitta subtilis, Pterosagitta draco, Sagitta bipunctata, F. enflata, Flaccisagitta hexaptera, and Zonosagitta nagae, while group A was characterized by the dominance of Pseudosagitta lyra only (Table 3) . A clear vertical separation of chaetognath communities has been reported in the top 500 m of the central Northwest Atlantic; e.g., F. enflata and F. hexaptera occur Յ300 m, and P. lyra is distributed below these species (Pierrot-Bults 1982) . Within the subtropical stations (30N and 25N) in the western North Pacific, the prevalence of chaetognaths in the epipelagic zone (Fig. 3) and the order of the vertical distribution patterns of each chaetognath species (cf. Fig. 4 , Table 2) seems to be similar to those reported in the central Northwest Atlantic. The overall abundance of chaetognaths in the top 2,000 m at a station near Bermuda (32°N, 64°W) was reported as 1,039 indiv. m Ϫ2 (Pierrot-Bults 1982) which is similar to the 942-1,297 indiv. m Ϫ2 observed at the two subtropical stations in this study (Table 2) .
Deep-sea adaptation
Four of the abundant species at the subarctic stations (44N, Okhotsk Sea, and Bering Sea) exhibited a clear vertical separation in their distributions: P. elegans being in the epipelagic, E. hamata in the epi-to mesopelagic, E. bathypelagica in the meso-to bathypelagic and E. fowleri in the bathy-to abyssopelagic zones (Fig. 4) . As noted above, the feeding mode (ambush predators) of chaetognaths may seriously limit their ability to thrive in the bathy-and abyssopelagic zone because of the extremely low prey abundance there. If this assumption is correct, how are bathy-and abyssopelagic E. fowleri coping with the low food abundance conditions in their habitats? For chaetognaths, mouth size is known to determine the size of ingestible prey (Feigenbaum 1991) . The length of the hooks is also considered to be an important factor determining the success of their predatory attacks. The indices of both mouth size and hook length determined for the four chaetognaths in this study were smallest for epipelagic P. elegans and largest for bathy-and abyssopelagic E. fowleri (Fig. 8) . Despite partial overlapping, E. hamata was mostly distributed deeper than P. elegans and exhibited larger mouth size and hook length indices. E. hamata and E. bathypelagica had similar mouth size and hook length indices, but the latter occurred deeper than the former (Fig. 8) . These results may be interpreted to mean that P. elegans and E. hamata are reducing their competition for food by eating different sized prey, while E. hamata and E. bathypelagica may be eating prey of the same size, but avoiding competition by occupying non-overlapping habitat depths. In meso-and bathypelagic copepods, variation in body size and feeding appendages has been considered life history traits that reduce competition for food within the resource limited meso-and bathypelagic zones (Nishida & Nishikawa 2002) . E. fowleri, inhabiting bathy-and abyssopelagic zones may have no chaetognath competitors for prey (Fig.  4) but their mouth size and hook lengths were significantly larger than in the other species (Fig. 8) . The large mouth size and long hook length of E. fowleri may be indicative of greater predation ability, an adaptation to the resource-limited bathy-and abyssopelagic environments.
Shallow-living P. elegans release eggs directly into the water, while deep-living E. bathypelagica and E. fowleri carry egg sacs and egg hatching takes place within the sac (Terazaki & Miller 1982) . Body sizes of newly hatched specimens of meso-and bathypelagic Eukrohnia species (E. bathypelagica: 2.5 mm and E. fowleri: 3.0-3.5 mm) are much greater than those of the epipelagic species (P. elegans: 1.2-1.4 mm) (Terazaki 2001) . These reproductive features of deep-sea Eukrohnia species, combined with feeding apparatus features described in the present study, are considered to be specific adaptations to resource-limited deep-sea environments.
